Introduction
Neurogenesis has been well characterized in two highly specialized neural stem cell niches of the adult mammalian brain, the subventricular zone (SVZ) and the sub-ciation to SVZ vascular plexi. The blood brain barrier in the SVZ is more permeable than outside the niche; small molecules like sodium fluorescein access the SVZ directly from blood vessels. Specialized vascular sites that lack astrocyte endfeet and pericytes appear to act as a scaffold for seeding regeneration by neural stem cells following elimination of transit-amplifying cells and neuroblasts with the anti-mitotic drug cytosine-␤ -D -arabinofuranoside [Tavazoie et al., 2008] . The laminin receptor ␣ 6 ␤ 1 inte grin mediates adhesion of SVZ neural stem cells to endothelial cells in vitro, and blocking this alters progenitor cell position in relation to blood vessels in vivo [Shen et al., 2008] . This suggests a possible role for 'fractones', slender laminin-containing extravascular basal lamina, in niche regulation [Mercier et al., 2002] . The relationship between proliferation and blood vessels has also been described in the embryonic cerebral cortex, where mitotic cells are closer to blood vessels than predicted by chance [Javaherian and Kriegstein, 2009; Stubbs et al., 2009] ; however, their existence in the emerging RMS has not been examined.
It is conceivable that blood vessels have a similar relationship to proliferative cells migrating in the embryonic RMS. It is not known whether the vasculature has the same effect on embryonic neurogenesis in forebrain germinal zones and whether the presumptive vasculature assumes the same architecture during the embryonic to neonatal transition. Many similarities exist between signalling molecules and patterns of division of embryonic and adult neurogenesis , suggesting that their neurovascular niches may be similar. A further question at this point is whether blood vessels promote and guide the migration of neuroblasts in the emerging RMS as they apparently do in the adult SVZ [Bovetti et al., 2007; Whitman et al., 2009] . This is likely given the striking parallels between the molecular mechanisms of guidance in vascular and axonal growth [Carmeliet and Tessier-Lavigne, 2005; Weinstein, 2005] . In the peripheral nervous system, artemin expressed on developing vasculature instructs emerging sympathetic axons to follow 'pioneer vessels' as they reach their final targets [Honma et al., 2002] . However, the precise relation between vasculature and neuronal migration is far from conclusively understood. Therefore, it is relevant to examine the influence of the vasculature in vivo on migration as well as proliferation of RMS neuroblasts during embryonic and neonatal stages.
In the present study, we first characterized the changing patterns of vascular architecture in the rostral forebrain through the critical transition between embryonic and early postnatal ages. We then examined the spatial relationship of proliferative neuroblasts to blood vessels within the RMS using immunohistochemistry and confocal microscopy. Finally, we looked for a possible role for blood vessels in neuronal migration. Here, we demonstrate that, in vivo, dividing cells are statistically closer to blood vessels than would be predicted by chance. This vasculature appears to undergo extensive reorganization between embryonic and early postnatal ages to take on the architecture of blood vessels aligned in the direction of the RMS.
Materials and Methods
Animals C57-Bl6 mice were obtained from the Departmental Animal Colony at the University of Oxford, UK. All animal procedures were approved by a local Ethical Review Committee and performed under a UK Home Office licence (Scientific Procedures Act, 1986) . Embryonic day 0 (E0) is defined as the day of plug detection. Time-mated pregnant mice were killed by cervical dislocation, and then the embryos were obtained by Caesarean section. The heads were removed and then post-fixed overnight in 4% paraformaldehyde (TAAB, Reading, UK) in 0.1 M PBS (pH 7.4) at 4 ° C. Postnatal animals were killed by a lethal injection of pentobarbitone (Euthatal 150 mg/kg intraperitoneally; Merial Animal Health Ltd., Harlow, UK) and then fixed by transcardial infusion of 4% paraformaldehyde. Fixed heads were stored in 0.1 M PBS plus 0.05% sodium azide at 4 ° C. Table 1 summarizes the number of mice used in the study.
Immunohistochemistry
Fixed whole brains were removed from the skulls under a Nikon SMZ645 dissecting microscope. Brains were embedded in 4% agarose and cut into 40-m sagittal sections in 0.1 M PBS using a Leica VT1000S vibrotome. Sections were washed 3 times for 15 min each time in 0.05 M Tris-buffered saline (TBS) on a rocker, blocked in 10% normal goat serum or 10% normal donkey serum in TBS plus 0.1% Triton-X for 1 h at room temperature and then incubated with primary antibodies diluted in 1% normal goat serum/normal donkey serum and TBS overnight at 4 ° C. Sections were again washed 3 times for 15 min each in TBS and in cubated with appropriate secondary antibodies and fluorescein Griffonia simplifolia (Bandeiraea) isolectin B4 (IB4; 1: 200; Vector Laboratories), which reveals blood vessels by binding to carbohydrate residues on their luminal surface [Alroy et al., 1987] , for 1 h. Sections were counterstained with DAPI (1: 1,000; Invitrogen) for 10 min following three 15-min washes in TBS, mounted on glass slides and then coverslipped with Slowfade Antifade (Invitrogen) for confocal imaging.
The primary antibodies used were anti-phosphohistone H3, rabbit IgG (1: 500; Upstate) or mouse IgG (1: 2,000; Abcam); anti-T-box brain 2 (Tbr2), rabbit IgG (1: 2,000; a gift from Robert Hevner), and anti-doublecortin (Dcx), goat IgG (1: 500; Santa Cruz Biotechnology). The secondary antibodies used were goat anti-mouse Cy5 (1: 500; Jackson Immunoresearch); goat anti-rabbit Alexa546 (1: 500; Molecular Probes), and donkey anti-goat Alexa568 (1: 500; Invitrogen).
Image Acquisition
Mounted sections were imaged with a Leica DMR upright microscope with an attached Leica DFC500 camera, and fluorescent micrographs were acquired using Leica FireCam software. Individual RGB channels were combined using Adobe Photoshop CS3 software. For quantitative analysis of H3 immunohistochemical data, Z stacks (optical thickness 2.4 or 4.8 m) were collected using a Zeiss 710 confocal microscope at ! 20 or ! 40 magnification. The entire RMS was imaged sequentially following its course through the rostral forebrain and was reconstructed from the montage of collapsed Z stacks. Z stacks were analysed individually, but data for one individual age were pooled.
Image Analysis and Quantification
All image analysis and quantification was performed using ImageJ software (NIH, Bethesda, Md., USA). We examined whether dividing cells are statistically closer to blood vessels than chance under the framework of the 'sphere of influence' model ( fig. 1 ; adapted from Stubbs et al. [2009] ). The model imagines a blood vessel as a line of infinitely small dots joined together, and there is a sphere of influence surrounding each dot, within which neurons fall under the influence of this particular blood vessel [Stubbs et al., 2009] . The most important parameter for a sphere is its radius (R), which represents the maximum distance from a blood vessel that a cell can survive depending on that vessel alone. R is calculated by halving the average distances between adjacent blood vessels and is obtained for different brain regions and for different ages. Through integration, we can calculate a theoretic average distance (theoretical r) a cell can expect to be from the centre of the sphere of influence. This value serves as a yardstick against which the actual observed average distance (observed r) of a dividing cell from the most adjacent blood vessel was compared. Therefore, we can quantitatively assess whether a mitotic cell is closer to a blood vessel than a quiescent cell can be expected to be. The forebrain region was optically imaged through the entirety of a brain slice (40 m). Areas at the upper and lower extremes of each 40-m-brain slice were likely to be under the influence of nearby blood vessels that were physically cut away from the actual brain slice. Therefore, only the innermost part of the brain slice (at least R m from the superior or inferior surface) were analysed to eliminate such possibilities. The RMS at E16, E18 and postnatal day 4 (P4) was analysed to determine the extent of vascular influence on neuroblast proliferation during embryonic to postnatal transition, with E14 cortex, a region of well-documented embryonic neurogenesis, as control.
Results

Changing Patterns of Vascular Organization in the Rostral Forebrain
We examined the pattern of vascular development in the rostral forebrain at different embryonic and early postnatal ages. Blood vessels were revealed with fluorescein Griffonia simplifolia IB4 [Stubbs et al., 2009] . Vascular architecture in the rostral forebrain ( fig. 2 E-O) followed a pattern of development distinct from that in the cortex ( fig. 2 A-D) . At E14, blood vessels in the rostral forebrain had no apparent organization except for simple loops of vascular plexi surrounding the rostral extension of the lateral ventricle. Similar vascular loops featured prominently in other brain regions at the same age. At E16, tangentially orientated blood vessels started to appear in the presumptive RMS region. On reaching postnatal ages, blood vessels became progressively more aligned in the longitudinal direction of the RMS and parallel to each other, suggesting that extensive vascular remodelling takes place late in development ( fig. 2 G , H, N, O) . This vascular architecture was markedly different from that in both the embryonic cortex ( fig. 2 A-D) , which is best described as looping vascular plexi linked by bridging branches, and at postnatal ages, which is best described as a homogeneous vascular structure with numerous small parenchymal vessels [Bovetti et al., 2007] . 
Dividing Cells Lie Close to Blood Vessels
A vascular niche in embryonic cerebral cortex neurogenic compartments has recently been reported [Javaherian and Kriegstein, 2009; Stubbs et al., 2009] . We examined the spatial relationship between mitotic cells and blood vessels in the embryonic cerebral cortex SVZ before applying the same method to investigate the early postnatal RMS. It has to be emphasized that the embryonic cortical SVZ is not to be confused with the postnatal and adult SVZ, which gives rise to neuroblasts migrating in the RMS to the olfactory bulb [for a review, see Molnar et al., 2009] . Dividing cells were revealed with the M phase marker phosphohistone H3 and blood vessels with IB4 ( fig. 3 ) . Embryonic cortical SVZ cells, also known as intermediate progenitor cells, express the transcription factor Tbr2. We examined cells immunoreactive for both H3 and Tbr2 to confirm that dividing cells are of a neuronal rather than glial lineage. We confirmed that dividing cells indeed lie in close proximity to the looping vascular plexi in the embryonic cortical SVZ ( fig. 3 A, B) , as previously demonstrated by Javaherian and Kriegstein [2009] and Stubbs et al. [2009] . We then examined the relationship between proliferative H3-immunoreactive cells and blood vessels in the embryonic and early postnatal RMS ( fig. 4 ) . Previous studies have convincingly demonstrated that the highly proliferative intermediate progenitor cell population residing within the embryonic RMS is neurogenic [Pencea and Luskin, 2003 ]. An intimate relationship was strikingly apparent at all ages examined ( fig. 4 A-C) . Dividing cells were closely associated with blood vessels in the RMS at E16 ( fig. 4 D), E18 ( fig. 4 E) and P4 ( fig. 4 F) . This relationship seems to be consistent despite the changing vascular architecture, with blood vessels becoming aligned to the direction of the RMS between E16 and P4.
To quantify the spatial relationship between dividing cells and blood vessels, we first calculated the theoretical average distance (theoretical r) a cell would be from the nearest blood vessel as predicted by the 'sphere of influence' model ( fig. 1 ). The theoretical r values for E16, E18 and P4 RMS and E14 cortex were 17.5, 16.5, 17.2 and 17.5 m, respectively ( fig. 5 ). The observed average distance (observed r) of mitotic cells to the nearest blood vessel was significantly smaller than the respective theoretical average distance in all cases ( fig. 5 ). The observed r values for E16, E18 and P4 RMS and E14 cortex were 9.31 8 0.75, 9.90 8 1.29, 7.61 8 0.49 and 8.94 8 0.50 m, respectively. For example, a mitotic cell is 47.0 8 4.3% closer to a blood vessel in E16 RMS, 38.8 8 8.0% closer in E18 RMS, 55.7 8 2.9% closer in P4 RMS and 48.8 8 2.9% closer in E14 cortex (p ! 0.0005 in all cases, one-sample Student's t-test). Therefore, dividing cells in the RMS were closer to blood vessels than predicted by chance. Furthermore, the observed r values were remarkably consistent within the RMS at different ages (E16, E18 and P4) and compared to E14 cortex; differences between them were not statistically significant (p = 0.1832, one-way ANOVA). This suggests a common mechanism via which the relationship between the vasculature and mitotic cells is maintained throughout development independent of location and age.
A Possible Role for Blood Vessels in Guiding Migrating Neurons
We examined the relationship between neuroblasts migrating in the RMS and blood vessels. We hypothesized that blood vessels provide guidance to migratory neuroblasts similar to the mechanism that has been suggested in adults [Whitman et al., 2009] . The cell bodies and leading processes (slender neurites) of migratory neuroblasts were revealed with antibodies against Dcx, a microtubule-associated protein and cell migration 5 . Quantification of the relationship between mitotic cells and blood vessels. The graph compares the average distance of a mitotic cell from a blood vessel (observed r; red bars) to a theoretical average distance derived from the model for any cells within the sphere of influence (theoretical r; blue bars). Analysis was performed for E16, E18 and P4 RMS, with E14 cortex used as an internal control. Error bars indicate standard errors (SE). The observed r was significantly smaller than the theoretical r in all cases (p ! 0.0005, one-sample Student's t test). Therefore, mitotic cells were closer to blood vessels than predicted by chance. Furthermore, there was no significant difference in observed r between the RMS of different ages and compared to E14 cortex (p = 0.1832, one-way ANOVA).
marker [Francis et al., 1999] , and neuronal somata were also visualized with the nuclear marker DAPI. We found no evidence to suggest that neuroblasts preferentially migrate along blood vessels in P4 RMS ( fig. 6 A-C) . While we encountered some examples of Dcx+ migratory neuroblasts juxtaposed to blood vessels ( fig. 6 B, C,  arrows) , therefore hinting at an intimate association, the vast majority of neuroblast neurites had no or little apparent association with blood vessels ( fig. 6 B, C, arrowheads).
Discussion
We show here that the emerging RMS is characterized by proliferation occurring close to blood vessels. We also demonstrate that though blood vessels align with the RMS during late embryonic development, neuroblasts do not migrate preferentially along them.
A Highly Specialized Vascular Architecture in the Embryonic Rostral Forebrain
We have shown a remarkable level of sophistication in the vascular architecture of the emerging RMS. Blood vessels become progressively aligned to the direction of the RMS during the period of embryonic to postnatal transition (E14-P4), possibly due to extensive vascular pruning late in development. This is apparent by P4, although the first tangentially orientated blood vessels appear as early as E16. Other studies have demonstrated that in the period following the ages we studied, active migration and proliferation occur in the RMS [Luskin, 1993] . However, the extent to which blood vessels are proximal to and support either proliferation or migration in the postnatal RMS is less clear. CD31+ endothelial tip cells with numerous filopodia were observed in the P3-P7 SVZ, suggesting that endothelial development continues postnatally in that structure [Tavazoie et al., 2008] .
Blood vessels may respond to the same environmental cues as neuroblasts of the emerging RMS, consistent with previous observations of extensive overlap in molecular mechanisms of guidance between angiogenesis and axon outgrowth [Carmeliet and Tessier-Lavigne, 2005; Weinstein, 2005] . Alternatively, this may reflect a vascular response to the increasing metabolic demand of an emerging and densely populated RMS through the hypoxiahypoxia-inducible factor-angiogenesis pathway [Pugh and Ratcliffe, 2003] . Either way, this highlights a highly specialized vascular architecture developing alongside the emerging RMS that may well represent a niche permissive for proliferation and migration. show a few examples of Dcx+ neuroblasts intertwining with blood vessels in the RMS (arrows). However, there is no sign of an intimate association with blood vessels for the vast majority of Dcx+ neuroblasts (arrowheads) migrating in the P4 RMS. This therefore suggests that neuroblasts do not preferentially migrate along blood vessels. Scale bar = 100 m.
Dividing Cells Lie Close to Blood Vessels
We have demonstrated that, in embryonic and early postnatal RMS in vivo, dividing cells are closer to blood vessels than would be predicted by chance. While we recognize that this study shows no direct evidence that the dividing cells will give rise to neurons, previous studies have convincingly shown that mitotic cells in the embryonic RMS are neuroblasts, with expression of neuronspecific markers [Luskin et al., 1997; Pencea and Luskin, 2003] . On the other hand, H3+ cells could possibly be precursors to oligodendrocytes, astrocytes, microglia, endothelial cells or pericytes. Our study points to the possibility of an RMS-specific vascular niche capable of supporting proliferation. The average distance of a dividing cell to the nearest blood vessel is consistent in the RMS at E16, E18 and P4, and in E14 cortex, a region of well-documented embryonic neurogenesis [Stubbs et al., 2009] . The proximity between proliferation and blood vessels is reminiscent of previously described adult neural stem cell niches in the SVZ [Shen et al., 2008; Tavazoie et al., 2008] and subgranular zone [Palmer et al., 2000] . This similarity leads to the important question of the precise mechanism through which such vascular niches maintain the unique neurogenic capacities of these compartments throughout life.
We recognize that the 'sphere of influence' model ( fig. 1 ) [Stubbs et al., 2009] , which predicts an average distance for all cells within a sphere of influence, has obvious limitations. The model assumes (1) that cells are dimensionless points and blood vessels are lines joining an infinite number of points and (2) a uniform distribution of cells within a volume of tissue. It therefore represents a greatly simplified view of neuronal organization. It is possible that the neuropil near the vasculature is more sparse, rendering cell density greater. If so, and assuming equal rates of proliferation, one would automatically see more phosphohistone H3+ cells near the vasculature, because cells are more concentrated there. Nevertheless, the 'sphere of influence' model allowed us to demonstrate the close affinity between vasculature and cellular divisions in a quantitative manner.
We cannot make inferences about molecular mechanisms underlying the intimate physical association between proliferation and vasculature based on our descriptive study; however, there are several avenues worthy of future investigation. Vascular endothelial cells are a known source of soluble neurotropic factors [Leventhal et al., 1999; Ramírez-Castillejo et al., 2006; Wada et al., 2006; Kerever et al., 2007] . Notch and NF-B are thought to be downstream of neurotropic factors and are implicated in neural stem cell self-renewal [Shen et al., 2004] and survival [Wada et al., 2006] , respectively. Endothelial cells are known to influence the proliferation and differentiation of transplanted stem cells [Nakagomi et al., 2009] . Enhanced neurogenesis and angiogenesis in the forebrain and in the dentate gyrus of the hippocampus have been reported in transgenic mice overexpressing vascular endothelial growth factor [Udo et al., 2008] . However, the vascular basal lamina also plays an important role in regulating niche behaviour in vivo. The basal lamina traps diffusible tropic signals such as fibroblast growth factor 2 [Kerever et al., 2007] . The laminin receptor ␣ 6 ␤ 1 integrin tethers neural stem cells to endothelial cells in vitro, and blocking this integrin disrupts adhesion of SVZ neural stem cells to blood vessels in vivo [Shen et al., 2008] . We do not know the extent to which the capacity of the niche to support proliferation can be attributed to diffusible signals or extracellular matrix.
RMS Neuroblasts Do Not Preferentially Migrate along Blood Vessels
We were surprised to observe no close relationship between Dcx+ migratory neuroblasts and blood vessels in P4 RMS. This is particularly surprising in light of previous reports suggesting a role for blood vessels in guiding adult SVZ neuroblast migration [Bovetti et al., 2007; Whitman et al., 2009] . Sympathetic axons follow 'pioneer vessels' as they migrate outwards to reach their peripheral targets via interaction with artemin expressed on blood vessels [Honma et al., 2002] . Artemin-soaked beads have been shown to encourage neuroblast migration and axonal outgrowth toward themselves when implanted into mouse embryos. Moreover, radial migration of RMS neuroblasts into the granule and periglomerular layers of the olfactory bulb, visualized using in vivo time-lapse imaging, is intimately associated with blood vessels [Bovetti et al., 2007] . However, we cannot exclude the possibility that a subpopulation of RMS neuroblasts do preferentially migrate along blood vessels based on our preliminary finding from immunohistochemical staining for Dcx alone.
Clinical Implications
An understanding of the precise mechanisms of niche regulation of the proliferation and migration of neuron progenitors has widespread clinical implications. Postmortem examination of patient brains revealed elevated SVZ neurogenesis following ischaemic insults such as stroke, which suggests a self-reparative response to injury [Macas et al., 2006] . Increased SVZ neuronal proliferation and stem cell markers have also been reported in multiple sclerosis and Huntington's disease, although their physiological significance is controversial [Curtis et al., 2003; Nait-Oumesmar et al., 2007] . While it may be the case that neural stem cells retain a regenerative capacity to react to injury, any treatment based on this will nonetheless remain elusive unless we decipher how neural stem cell niches regulate neurogenesis, migration and integration.
